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Background:  Automated  quantitative  assessment  based  on  a total  perfusion  deﬁcit  (TPD)  has  been  rec-
ognized  to be  useful  for detection  of  coronary  artery  disease  (CAD).  We,  therefore,  aimed to  validate
reproducibility  of  the automated  quantiﬁcation  with  the  TPD  on  myocardial  perfusion  single  photon
emission  computed  tomography  (SPECT)  images  in  Japanese  patients  with  history  of stable  CAD.
Methods:  Patients  (n = 47, age  67  ±  10)  underwent  rest 201Tl  and  stress 99mTc-tetrofosmin  myocardial  per-
fusion  SPECT  on  two separate  occasions  with  the  same  protocol  within  3–26  months.  They  had  abnormal
ﬁndings  on  the  ﬁrst  SPECT  imaging  by visual  analysis  and  had  no  changes  in  symptoms,  cardiac  med-
ications,  coronary  risk  factors,  and  electrocardiogram  ﬁndings  at  the  time  of  the  second  imaging.  They
had no  intervening  coronary  revascularization  and myocardial  infarction  between  the  ﬁrst  and  second
imaging.  The  TPD  was  automatically  derived  from  SPECT  images  through  quantitative  perfusion  SPECT
software  with  the  Japanese  normal  database.  A visual  summed  stress  score  (SSS)  was  estimated  with
the  5-point  visual  scoring  model  for 20 segments  of SPECT  images  by independent  expert  interpreters.
Abnormal  criteria  for the  stress  TPD  and  SSS  were  deﬁned  as ≥5%  and  ≥4,  respectively.
Results: The  stress  TPD  determined  by  the  quantitative  analysis  well  correlated  between  the  ﬁrst  and
second  imaging  (r =  0.985)  as  well  as  the  SSS  by  the visual  analysis  showed  good  correlation  (r  =  0.978).
The  correlation  coefﬁcients  were  similar  between  the visual  and  quantitative  analyses.  Bland–Altman
analyses  indicated  extremely  good  reproducibility  in  both  assessments.
Conclusion:  The  TPD  is  evidently  a quantitative  index  having  high  reproducibility  and the  automated
quantiﬁcation  with  it  provides  comparable  results  to the  visual  assessment  by experienced  interpreters.
The  automated  quantiﬁcation  with  the TPD  is  highly  signiﬁcant  for  clinical  assessment  of  CAD,  and  allows
easily  performing  myocardial  perfusion  SPECT  imaging  without  expert  interpreters.
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The Japanese diagnostic assessment of nuclear cardiology has
sually been based on a semi-quantitative analysis with visual seg-
ental scoring systems including a summed stress score (SSS) and
 summed rest score (SRS). The visual scoring requires a special skill
r knowledge of image interpretation, gained as a result of train-
ng or experience. Therefore, ideal assessment should be based on
bjective quantitative measurements but not the visual interpre-
ation with subjective nature.
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Recently, Yoshinaga et al. [1] reported the validity of Heart
Score View software for quantiﬁcation of myocardial perfusion and
fatty acid uptake on single photon emission computed tomogra-
phy (SPECT) images to calculate the segmental defect scores. They
reported that the scores calculated by the software have a good
agreement with those evaluated by the experts and also have as
good reproducibility but require manual setting of the left ventri-
cular cavity on a process between selection and ﬁtting of images
before generating a polar map.
On the other hand, a total perfusion deﬁcit (TPD) proposed
by Slomka et al. [2] as an objective parameter, is automatically
calculated by quantitative perfusion SPECT (QPS) software [3] to
represent both severity and extent of a defect. The automated quan-
titative assessment with the TPD has been conﬁrmed to provide
highly correlated results with visual interpretation by three expert
readers and to be more reproducible than the visual quantitative
vier Ltd. All rights reserved.
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ssessment for defect extent [4]. Furthermore, the automated
uantitative assessment with the TPD has been employed as a
eliable technique detecting coronary artery disease (CAD) in the
ulticenter studies of the COURAGE (clinical outcomes utilizing
evascularization and aggressive drug evaluation) trial [5] in the
SA. The American Society of Nuclear Cardiology (ASNC) imaging
uideline 2010 for SPECT also describes the automated quantiﬁca-
ion with the TPD as a useful assessment for ischemia [6].
We have already reported that the automated quantitative
ssessment using the TPD derived from SPECT images through
PS software with the Japanese normal database developed by
he Japanese Society of Nuclear Medicine is consistent with con-
entional visual semi-quantitative assessment with the segmental
efect scores and is useful for detection of CAD in Japanese patients
7]. Both sensitivity and speciﬁcity for diagnosis of CAD with this
ethod were 87% and comparable to those of the visual assessment.
n addition, sensitivity for detection of CAD was signiﬁcantly higher
ith the TPD scores derived from the Japanese normal database
han those derived from the American normal database. However,
here is no report of a validation study regarding reproducibility of
his assessment with the Japanese TPD for detection of CAD. Accord-
ngly, in the present study, we directly compared repeatability of
he automated quantitative and visual semi-quantitative analyses
f myocardial perfusion to validate reproducibility of the quanti-
ative assessment with the TPD derived from the Japanese normal
atabase for detection of CAD.
aterials and methods
The institutional review board of Nihon University Itabashi Hos-
ital approved this study, which proceeded in accordance with the
thical standards established in the 1964 Declaration of Helsinki.
ll study participants provided written informed consent prior to
nclusion in this study.
atient population
The study population comprised 47 patients with history of sta-
le CAD who underwent rest 201Tl and stress 99mTc-tetrofosmin
yocardial perfusion SPECT [8–11] on two separate occasions
ith the same protocol within approximately two  years between
ovember 2004 and February 2009. They had abnormal perfusion
ndings obtained from the ﬁrst stress myocardial perfusion SPECT
maging by visual analysis (study 1) and had no changes in symp-
oms, cardiac medications, coronary risk factors, stress type and
lectrocardiogram (ECG) ﬁndings at the time of the second SPECT
maging (study 2). We  excluded patients who had cardiomyopa-
hy or valvular heart disease, those who underwent any type of
ntervening coronary revascularization and those who developed
yocardial infarction between study 1 and study 2. The SPECT
nterval ranged from 3 to 26 months (mean 12.0 ± 7.3 months).
CG-gated dual-isotope myocardial perfusion SPECT
The procedure of rest 201Tl and stress 99mTc-tetrofosmin ECG-
ated myocardial perfusion SPECT was performed according to a
rotocol previously reported [8–11]. All patients received an intra-
enous (i.v.) injection of 201Tl (111 MBq) and a sixteen-frame gated
PECT image was initiated 10 min  after injection during rest. Then
n i.v. injection of 99mTc-tetrofosmin (740 MBq) was performed
nder stress induced by ergometer exercise in 47% of the patients
r by adenosine triphosphate in 53% of those. Sixteen-frame gated
PECT image acquisition was initiated 30 min  after the exercise
r 30–60 min  after the adenosine stress. The same stress type
as used in study 1 and study 2. The acquisition was performed
n a supine position and subsequently in a prone position. Nology 63 (2014) 350–357 351
attenuation or scatter correction was used. Twelve-lead ECG was
monitored continuously during stress tests. Heart rate and blood
pressure were recorded at baseline and every minute for at least
three minutes after the stress.
The projection data over 360◦ were obtained with 64 × 64 matri-
ces and a circular orbit. A triple-detector SPECT system equipped
with low-energy high-resolution collimators was  used (Toshiba,
GCA9300A, Tokyo, Japan).
Coronary angiography
Coronary angiography (CAG) was  performed in all patients
before the 1st SPECT imaging. All coronary angiograms were visu-
ally interpreted by experienced cardiologists. A stenosis with 75%
or greater narrowing of the luminal diameter, which was consid-
ered signiﬁcant, was  used as a gold standard for the detection of
CAD. The interval between CAG and 1st SPECT was 6.3 ± 7.4 years,
and most patients underwent coronary revascularization.
Visual assessment of perfusion images
The SPECT images were divided into 20 segments on three short-
axis (distal, mid, basal) and one vertical long-axis (mid) slices, and
the tracer uptake of each segment was visually scored using a
5-point scale (0: normal; 1: slight reduction of uptake; 2: mod-
erate reduction of uptake; 3: severe reduction of uptake; and 4:
absence of uptake). The sum total of the scores of 20 segments in
the stress and rest images provided the SSS and the SRS, respec-
tively. The summed difference score (SDS) was  calculated as the
difference between the SSS and SRS. An abnormal criterion for
the SSS was  deﬁned as 4 or more [4]. The respective summed
scores were converted to percent of the total myocardium (visual
% myocardium) to compare with a TPD. Visual % myocardium was
derived from a summed score divided by the maximum poten-
tial score (4 × 20) and multiplied by 100. When the SSS score was
4, the visual % myocardium was  5%. The visual semi-quantitative
scoring was  performed by two  independent expert interpreters
who were not provided with patient’s clinical information. Cohen’s
kappa (), which was calculated to determine the inter-observer
variability for the summed defect score, was 0.92, indicating good
reproducibility.
Automated quantiﬁcation of perfusion images
The quantitative perfusion variable used was a TPD, which is a
parameter representing both defect extent and severity of myocar-
dial abnormality, was  automatically computed. TPD scores were
calculated as the percentage of the total surface area of the left
ventricle below the predeﬁned uniform average deviation thresh-
old using QPS software. A normal database used was the Japanese
one developed by the Japanese Society of Nuclear Medicine [12],
which is based on exercise-rest myocardial perfusion images accu-
mulated from 80 subjects with a low likelihood of cardiac disease.
The TPD scores were measured at the stress and rest, and ischemic
TPD was calculated from the difference between the stress and rest
TPD scores (stress TPD minus rest TPD). An abnormal criterion for
the stress TPD was  deﬁned as 5% or more [5].
Statistical analysis
Continuous variables were calculated as means and standard
deviations. The comparison of continuous variables between study
1 and study 2 was  performed with the paired t test. The 2 test
was used for categorical variables between study 1 and study 2.
Pearson correlation coefﬁcients were estimated to determine cor-
relation of data between study 1 and study 2. A mean difference
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Table 1
Patients’ characteristics.
Study 1 Study 2
Age 67 ± 10 68 ± 10*
Male 37 79% 37 79%
Weight (kg) 63.1 ± 13.4 62.8 ± 13.2
Body mass index (25 kg/m2) 24.0 ± 3.4 23.9 ± 3.2
Hypertension 36 77% 36 77%
Diabetes 24 51% 24 51%
Hyperlipidemia 36 77% 36 77%
Smoking 15 32% 13 28%
Family history of CAD 4 9% 4 9%
Prior myocardial infarction 27 57% 27 57%
History of revascularization 44 94% 44 94%
-Blockers 20 43% 20 43%
Calcium antagonists 25 53% 25 53%
Nitrates 19 40% 19 40%
Statins 29 62% 29 62%
Angiotensin receptor blockers 25 53% 25 53%
Angiotensin converting
enzyme inhibitors
6 13% 6 13%
Abnormal resting ECG 27 57% 27 57%
Ischemic stress ECG 21 45% 21 45%
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Table 2
Results of coronary angiography and treatment performed in patients prior to 1st
single photon emission computed tomography.
N %
Results of CAG
One vessel 11 23
Two vessels 12 26
Three vessels 24 51
Treatment
Percutaneous coronary intervention 30 64
Coronary artery bypass graft 15 32
T
S
%
DAD, coronary artery disease; ECG, electrocardiogram.
* p < 0.001 vs. study 1.
nd its 95% limits of agreement in data between study 1 and study 2
ere estimated with the Bland–Altman method to evaluate repro-
ucibility. All data were analyzed using MedCalc Software Version
2.6.1.0 (Mariakerke, Belgium). A p-value of <0.05 was  considered
tatistically signiﬁcant.
esults
atient characteristics
Table 1 summarizes patients’ characteristics at study 1 and
tudy 2. All variables were similar between the two  studies except
lder age (p < 0.001). Mean age of the patients was 67 years at
tudy 1 and 68 years at study 2. Of 47 patients, 37 (79%) were
ale. Weight was 63.1 kg at study 1 and 62.8 kg at study 2.
ody mass index was 24.0 kg/m2 at study 1 and 23.9 kg/m2 at
tudy 2. A large number of patients had hypertension (77%) or
able 3
ummary of patients having perfusion abnormal detected by visual and quantitative asse
Study 1 
Visual stress % myocardium 19.4 ± 12.7 (%) 
≥5%  47 100% 
≥10%  33 70% 
≥20%  22 47% 
Visual rest % myocardium 13.3 ± 12.2 (%) 
≥5%  34 72% 
≥10%  24 51% 
≥20%  15 32% 
Visual ischemic % myocardium 6.1 ± 4.9 (%) 
≥5%  31 66% 
≥10%  11 23% 
Quantitative stress TPD 17.3 ± 11.9 (%) 
≥5%  42 89% 
≥10%  31 66% 
≥20%  18 38% 
Quantitative rest TPD 9.8 ± 10.7 (%) 
≥5% 25 53% 
≥10% 17 36% 
≥20%  12 26% 
Quantitative ischemic TPD 7.5 ± 4.8 (%) 
≥5%  31 66% 
≥10%  13 28% 
 myocardium, percent of abnormal myocardium; TPD, total perfusion deﬁcit.
ata shown are mean ± standard deviation.Medication 2 4
N, number of patients; %, percentage in 47 patients; CAG, coronary angiography.
hyperlipidemia (77%) and diabetes was  observed in half of the
patients (51%) at study 1 and study 2. Fifteen patients were smok-
ers at study 1, but of those, two  patients quit the smoking habit
at the time of study 2. Family history of CAD was reported in
only four patients (9%). There was no difference in the number
of patients who  had prior myocardial infarction (57%) or coronary
revascularization (94%) at the time of the two studies according
to the study design. There was no change in cardiac medications
used at study 1 and study 2: -blockers (43%), calcium antagonists
(53%), nitrates (40%), statins (62%), angiotensin receptor blockers
(53%), and angiotensin-converting enzyme inhibitors (13%). Abnor-
mal  resting ECG and ischemic stress ECG were observed in 27 (57%)
and 21 (45%) patients, respectively, at study 1 and study 2.
Table 2 summarizes the severity of CAD and revascularization.
Of the 47 patients, 11 had one-vessel disease, 12 had two-vessel
disease, and 24 had three-vessel disease. For revascularization,
30 underwent percutaneous coronary intervention, 15 underwent
coronary artery bypass graft, and 2 underwent only medication.
Visual and quantitative assessment of myocardial perfusion SPECT
images
Table 3 summarizes results of the number of patients who had
abnormal perfusion detected by visual and quantitative assessment
in serial studies. The results of the visual analysis at study 1 showed
that all patients (n = 47) had stress perfusion abnormality and 34
patients had rest perfusion abnormality. Ischemic abnormality was
ssments at study 1 and study 2 (n = 47 each).
Study 2 p-Value
18.3 ± 12.8 (%)
47 100% 0.9179
29 62% 0.5138
20 43% 0.8356
12.1 ± 11.9 (%)
32 68% 0.8216
22 47% 0.8365
14 30% 1.0000
6.2 ± 5.1 (%)
32 68% 1.0000
10 21% 1.0000
17.1 ± 12.0 (%)
44 94% 0.7117
29 62% 0.8300
16 34% 0.8300
9.5 ± 10.3 (%)
24 51% 1.0000
18 38% 1.0000
11 23% 1.0000
8.0 ± 4.5 (%)
36 77% 0.3619
12 26% 1.0000
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pig. 1. Correlation of stress (a), rest (b), and ischemic (c) perfusion defects by visu
ercent of abnormal myocardium; TPD, total perfusion deﬁcit.
bserved in 31 patients. The majority of patients (70%) had ≥10%
bnormal myocardium at stress perfusion and more than 50% of
atients had ≥10% abnormal myocardium at rest perfusion. The
esults of the quantitative analysis also were similar to those of the
isual analysis mentioned above. The quantitative results at study revealed perfusion abnormalities in 42 patients at stress and in
5 patients at rest; ≥10% abnormal myocardium was  observed in
6% of patients at stress perfusion and in 36% of patients at rest
erfusion. Those distributions of perfusion abnormality were nott) and quantitative (right) analyses between study 1 and study 2. % myocardium,
signiﬁcantly different between study 1 and study 2 in both visual
and quantitative analyses.
Reproducibility of perfusion abnormality by visual and
quantitative analysesFig. 1 shows correlation of perfusion defects between study 1
and study 2, determined by the visual or quantitative analysis.
The perfusion defects assessed by the visual analysis correlated
354 S. Yoda et al. / Journal of Cardio
Table 4
Summary of results from Bland–Altman analyses for difference of visual and quan-
titative assessments between study 1 and study 2.
Mean
difference
95% Limits of
agreement
Stress % myocardium 1.1 −4.1 6.4
Rest  % myocardium 1.2 −3.4 5.7
Ischemic % myocardium −0.1 −2.9 2.8
Stress TPD 0.2 −3.9 4.3
Rest  TPD 0.3 −3.0 3.6
%
w
0
(
d
r
f
w
F
mIschemic TPD 0.0 −5.2 5.0
 myocardium, percent of abnormal myocardium; TPD, total perfusion deﬁcit.
ell between the two studies; the correlation coefﬁcient (r) was
.978 for stress, 0.982 for rest, and 0.958 for ischemic perfusion
all p < 0.001). The TPD determined by the quantitative analysis
emonstrated high correlations between the two studies with
 = 0.985 for stress, r = 0.987 for rest, and r = 0.847 for ischemic per-
usion (all p < 0.001). The correlation coefﬁcients of the two studies
ere not signiﬁcantly different between the visual and quantitative
ig. 2. Correlation (left) and differences (right) of stress (a), rest (b), and ischemic (c) perf
yocardium, percent of abnormal myocardium; TPD, total perfusion deﬁcit.logy 63 (2014) 350–357
analyses for stress (p = 0.3547) and rest (p = 0.4418) defects, but
were for ischemic defect (p < 0.0015).
Table 4 summarizes results of Bland–Altman analyses for dif-
ference of the visual and quantitative assessment between study 1
and study 2. Mean differences in assessment variables ranged from
−0.1 to 1.2, indicating extremely good reproducibility and fell into
each 95% limits of agreement.
Comparison of visual and quantitative perfusion results on studies
1 and 2
Fig. 2 illustrates correlations and differences between the visual
and quantitative analyses in study 1 for stress, rest, and ischemic
perfusion defects. The correlation coefﬁcient was 0.929 for stress,
0.928 for rest, and 0.745 for ischemic defects. The mean difference
was 2.1 for stress (95% limits of agreement: −7.6 to 11.8), 3.5 for
rest (−5.5 to 12.4), and −1.4 for ischemic defects (−8.2 to 5.4). A
closed correlation was  observed between the visual and quantita-
tive assessment.
usion defects by visual and quantitative analyses on study 1. Quant, quantitative; %
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yocardium, percent of abnormal myocardium; TPD, total perfusion deﬁcit.
Fig. 3 illustrates correlations and differences between the visual
nd quantitative analyses in study 2 for stress, rest, and ischemic
erfusion defects. The correlation coefﬁcient was  0.928 for stress,
.939 for rest, and 0.708 for ischemic defects. The mean difference
as 1.2 for stress (95% limits of agreement: −8.1 to 10.5), 2.6 for rest
−5.5 to 10.7), and −1.4 for ischemic defects (−8.7 to 5.8). A closed
orrelation also was observed between the visual and quantitative
ssessment as in the results of study 1.
ypical images serial studies
Fig. 4 illustrates polar maps obtained from serial studies in a
ypical male patient with a history of old myocardial infarction.
he patient aged 76 years had 90% stenosis each in the proximal
egions of the left anterior descending artery, the left circumﬂex
rtery, and the right coronary artery on coronary angiography and
nderwent coronary artery bypass grafting in 2005. He underwentusion defects by visual and quantitative analyses on study 2. Quant, quantitative; %
the myocardial perfusion SPECT in February (study 1) and July
(study 2) 2008 with the same protocol. The visual % myocardium
determined based on the visual segmental assessment were similar
between study 1 and study 2 (stress: 28.8% vs. 31.3%; rest: 23.8% vs.
26.3%; ischemic: 5.0% vs. 5.0%). The TPD automatically calculated
by QPS software with the Japanese normal database also was con-
sistent between two  studies (stress: 36% vs. 35%; rest: 23% vs. 23%;
ischemic: 13% vs. 12%).
Discussion
In the results from our previous study, sensitivity and speciﬁcity
of automated quantitative assessment with TPD scores derived
from SPECT images through QPS software with the Japanese nor-
mal  database were good enough for detection of CAD and were
consistent with those of visual semi-quantiﬁcation based on seg-
mental defect scores by experienced interpreters [7]. The present
356 S. Yoda et al. / Journal of Cardio
Fig. 4. Polar maps of stress (upper), rest (middle), and ischemic (bottom) quantita-
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tive perfusion single photon emission computed tomography images obtained from
tudy 1 (left) and study 2 (right) in a typical male patient aged 76 years with a history
f old myocardial infarction.
esults demonstrated that the automated quantitative assessment
as reliable reproducibility, which also is comparable to the visual
emi-quantitative segmental assessment. The reproducibility of
DS was slightly lower than that of SSS and SRS. As one of the
easons for the lower reproducibility, SSS and SRS are the actual
umbers while SDS is an index derived from a subtraction; the
ifference between the actual numbers and the derived index
nﬂuences reproducibility. The lower reproducibility of SDS is also
ound in the article of Berman et al. [4]. The correlation coefﬁcient
or reproducibility of SDS is 0.70 for the visual assessment and
.84 for the automated quantitative assessment. These correlation
oefﬁcients are lower than those of SSS and SRS. It is necessary to
evelop an algorithm, which directly compares the stress image
ith the rest image on software to assess the ischemic area in
uture.
On the basis of our present results, the automated quantitative
ssessment based on the TPD scores, which is useful for diagnosis
f myocardial ischemia, allows for easier interpretation of extent
f perfusion defects than the visual semi-quantitative assessment
n Japanese patients with history of stable CAD.
Berman et al. [4] reported that the quantitative analysis with the
PD provided more reproducible results of myocardial perfusion
bnormality on SPECT imaging than visual assessment by experi-
nced interpreters. In addition, there are numerous data regarding
ensitivity, speciﬁcity, and reproducibility of the automated quan-
itative assessment with the TPD [2,4,13–16]. In the USA, therefore,
he automated quantitative assessment with the TPD is a commonlogy 63 (2014) 350–357
method for interpretation of SPECT imaging data. As mentioned
in the introduction, the automated quantitative assessment with
the TPD has been employed in the multicenter studies such as the
COURAGE trial [5] and also is recommended as a useful assessment
for ischemia by the ASNC imaging guideline 2010 for SPECT [6].
In Japan, Heart Score View software has been developed and
validated for quantiﬁcation of myocardial perfusion and fatty
acid uptake on SPECT images [1]. In the beginning, the software
was validated with 201Tl and 123I-labeled -methyl iodophenyl
pentadecanoic acid, but not with a Tc-labeled tracer, which is com-
monly used for gated SPECT imaging. Subsequently, Nakajima et al.
[17] have reported good correlation between results from the soft-
ware and visual assessment by two observers on SPECT images with
99mTc-tetrofosmin. The software, however, does not provide fully
automated assessment with the segmental defect scores because
it requires manual setting of the left ventricular cavity on a pro-
cess between selection and ﬁtting of images before generating polar
map.
In contrast, the quantitative method with the TPD requires no
intervening manual settings and provides fully automated analysis
of myocardial perfusion defects [2]. In addition, we  validated the
automated quantiﬁcation with the TPD according to a dual isotope
protocol using rest 201Tl and stress 99mTc-tetrofosmin in Japanese
patients. Therefore, the TPD analysis deﬁnitely provides an easy
and highly reliable assessment for myocardial perfusion defects on
SPECT images in Japanese patients with history of stable CAD.
Also, as mentioned in our previous report [7], the use of the
Japanese normal database is an important factor in automated esti-
mation of the TPD by QPS software in Japanese patients with history
of stable CAD in order to acquire maximum accuracy of the assess-
ment with myocardial perfusion SPECT images.
In conclusion, the TPD automatically calculated by QPS software
with the Japanese normal database is an objective quantitative
index having high reproducibility comparable to the conventional
visual segmental assessment by experienced interpreters. Also, the
results of automated assessment with the TPD are consistent with
those of the visual assessment. This reproducible automated analy-
sis based on the TPD is highly signiﬁcant for not only diagnosis but
also therapeutic assessment for CAD. Furthermore, the automated
assessment allows easily performing myocardial perfusion SPECT
imaging without expert interpreters.
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